Antimonene is a recently discovered two-dimensional semiconductor with exceptional environmental stability, high carrier mobility, and strong spin-orbit interactions. In combination with electric field, the latter provides an additional degree of control over the materials' properties because of induced spin splitting. Here, we report on a computational study of electron-phonon coupling and superconductivity in n-and p-doped antimonene, where we pay a special attention on the effect of the perpendicular electric field. We find that at realistic carrier concentrations, antimonene can be turned into a state with strong electron-phonon coupling, with the mass enhancement factor λ of up to five. In this regime, antimonene is expected to be a superconductor with the critical temperature of ∼17 K. Application of bias voltage leads to a considerable modification of the electronic structure, affecting the electron-phonon coupling in antimonene. While these effects are less obvious in case of electron-doping, field-effect in hole-doped antimonene results in a considerable variation of the critical temperature depending on bias voltage.
I. INTRODUCTION
Antimonene is a recent addition [1, 2] to a growing family of elemental two-dimensional (2D) materials. This monolayer phase of antimony adopts buckled honeycomb lattice (D 3d point group), similar to those of silicene [3] and germanene [4] , or more recently discovered blue phosphorene [5] . Antimonene was successfully obtained by various experimental techniques [6] , including, but not limited to, epitaxial growth [7] , liquid and solid phase exfoliation [8, 9] . Based on both experimental observation and ab initio modeling [1, 9] , antimonene is believed to be a material with remarkable stability on air and in water [7, 9] . This alone makes antimonene an appealing candidate for various applications because instability at realistic conditions is one of the main factors limiting the application of 2D materials [10, 11] . From the fundamental point of view, characteristic feature of antimonene is a strong spin-orbit coupling (SOC) [12] , with the intraatomic SOC constant λ SOC = 0.34 eV. Proper account of SOC is important for a correct description of the electronic structure and effective masses [12] . Antimonene is expected to have high carrier mobility [13] comparable or exceeding that of the other 2D semiconductors. Besides, monolayer Sb is an indirect band semiconductor with a theoretically estimated band gap of 1.2 eV [14] . These properties make antimonene suitable for application in electronic [13] and optical devices [14] , where thicknessand strain-tunable band gap could provide an additional control over the material's properties [1, 15] .
Superconductivity is not uncommon for twodimensional materials [16] .
It is observed in thin films [17] , atomic sheets [18] , surface atomic layers [19] and other 2D structures of various chemical composition. Recent experimental works [18, 20] revealed * alugovskoi@science.ru.nl superconductivity in graphene laminates with the critical temperatures T c in the range of 4-6 K. Magnetization measurements of intercalated black phosphorus reveal T c = 3.8±0.1 K, which is independent of the intercalation type [21] . Also, a large number of experimental measurements of T c were recently performed for doped 2D transition metal dichalcogenides: WS 2 and NbSe 2 were demonstrated to be superconducting below 3 K [22, 23] , while MoS 2 was reported to have T c in the range of 7-11 K [24, 25] . Superconductivity in two dimensions is especially interesting in view of the possibility to control the electronic structure of 2D materials by strain, electric field, thickness, or substrate. Superconducting 2D materials also appear as an appealing testbed for studying interface phenomena and proximity effects. In particular, 2D materials can be implemented as a part of the Josephson junction [26, 27] .
Computational studies predicting the superconductivity in monolayer graphene [28, 29] and phosphorene [30] were preceding the experimental observations [18, 20, 21] . Also, superconductivity at nonzero charge doping has already been predicted for recently proposed arsenene [31] (monolayer As), as well as for silicene [32] . Experimental data on superconductivity of these materials are not available yet. While theoretical studies lack realistic account of the experimental setup, they allow to study underlying mechanisms of superconductivity, for example, the key contributions to electron-phonon coupling or important changes of electronic structure due to carrier doping [33] . Additionally, there is an opportunity to study modifications of the electronic structure and electron-phonon coupling properties including T c in the presence of strain [30] or other external factors. Neither calculations nor measurements of T c are available in the literature for doped antimonene.
In this paper, we present a systematic study of the electron-phonon coupling and conventional superconductivity in n-and p-doped antimonene. To this end, we use a combination of Density Functional Theory (DFT) [34, 35] and Density Functional Perturbation Theory (DFPT) [36] in conjunctions with the formalism of Maximally Localized Wannier Functions (MLWF) [37, 38] . Besides charge doping, we also consider the role of electric field applied in the direction perpendicular to atomic layer, which allows to modify the band structure. Considering the interplay of these effects is interesting for a number of reasons. For example, perpendicular electric field allows to control the band gap and effective masses in a silicene and germanene [39, 40] , as well is in few-layer phosphorene [41] [42] [43] , where it is possible to transform material from normal insulator to topological insulator or metal. Besides this, perpendicular electric field breaks inversion symmetry, which, in combination with strong SOC, induces spin-splitting of both valence and conduction bands [44] . This case is observed, for example, in experimental work [25] , where setup combining liquid and solid gating is used to study superconductivity in MoS 2 flakes, and ionic liquid naturally creates the environment for emergence of perpendicular electric field. Since SOC in antimonene is strong, this situation is particularly interesting to study. For these reasons, additionally to carrier doping, we take into account electric field in our calculations and study dependence of the electron-phonon coupling on bias voltage.
The rest of the paper is organized as follows. We first present the theory and computational methods used to calculate the electron-phonon coupling and superconducting critical temperatures, and also discuss the relevant approximations (Sec. II). We then give a description of the calculated electronic structure and phonon dispersion of antimonene (Sec. III A). Main results are presented in Sec. III B, where we discuss the obtained dependencies of T c and electron-phonon coupling strength, as well as superconducting transition temperatures on carrier concentrations, with a detailed consideration of the most important cases. The effect of a perpendicular electric field (bias voltage) is analyzed and discussed in Sec. III C. In Sec. IV, we summarize our results and conclude the paper.
II. THEORETICAL BACKGROUND AND COMPUTATIONAL DETAILS
A. Electron-phonon coupling and Allen-Dynes-McMillan equation
In this section, we give a short theoretical description of the electron-phonon coupling and its relation to superconductivity. More detailed description of the theory from the viewpoint of ab initio calculations can be found in Ref. 45 .
The interaction of electrons with phonons is described by the matrix elements
where
and ψ nk is the electronic Bloch function for band n and wavevector k, ∂ qν V is the derivative of the self-consistent potential associated with the phonon of wavevector q, branch index ν, and frequency ω qν , and m 0 is the atomic mass.
It is useful to define a dimensionless representation of the electron-phonon coupling associated with the single phonon mode ν and wavevector q as an average over the Fermi surface:
which is closely related to the Eliashberg electron-phonon spectral function α 2 F (ω)
where w k (w q ) is the symmetry-dependent weight of k (q) points, ε nk (ε mk+q ) is the electronic energy, and N F is the density of states (DOS) at the Fermi energy, ε F . Besides λ q,ν , we also consider the nesting function ξ q as defined in [46] :
The nesting function is independent of electron-phonon coupling matrix elements, while it is useful to understand the effect of the Fermi surface topology. The critical temperature of the superconducting transition according to the McMillan equation [47] , modified by Allen and Dynes [48] can be estimated as:
which is based on the superconductivity theory of Migdal and Eliashberg [49, 50] . Although derivation of Eq. (6) contains a number of approximations, it is a reasonable starting point for the estimation of T c . In Eq. (6), µ * c is the Morel-Anderson effective Coulomb potential [51] ,
is the logarithmically averaged phonon frequency,
is the total Fermi energy-dependent electron-phonon coupling strength, which is also known as the massenhancement factor [52] . In the present paper, µ * c is considered as a phenomenological parameter with the typical values in the range of 0.1-0.2 [45, 47, 48] The initial electronic structure and crystal structure optimization calculations were performed at the DFT level as implemented in the plane-wave Quantum ESPRESSO (QE) code [53, 54] , using fully relativistic norm conserving pseudopotentials. Exchange and correlation were treated with the local density approximation (LDA). The kinetic energy cutoff for plane waves was set to 90 Ry, the Brillouin zone was sampled with a (16×16) Monkhorst-Pack k-point mesh [55] , and the electronic state occupancies were treated as fixed. The crystal structure was fully relaxed with a threshold of 1 × 10 −12 eV for total energies and 1 × 10 −12 eV/Å for forces. The vacuum thickness of 30Å was used to avoid spurious interactions between the supercell periodic images in the direction perpendicular to the 2D plane. The Brillouin zone for phonons within DFPT was sampled by a (16×16) q-point mesh, and the self-consistency threshold of 1 × 10 −16 eV was used. Electronic structure, dynamical matrices and electronphonon matrix elements obtained from DFT and DFPT calculations were used as the initial data for Wannier interpolation within the MLWF formalism, as implemented in EPW [37, 56] . The calculation of the electronphonon-related properties was performed on dense grids of (432×432) k-and (208×208) q-points, which ensures the numerical convergence of the results presented in this work.
C. Role of charge doping, out-of-plane acoustic phonons, and bias voltage
In this work, we simulate the carrier doping of antimonene using the rigid band shift approximation, that leaves the electronic structure and phonon dispersion unchanged. Typically, charge doping in 2D materials mainly affects the out-of-plane mode and optical phonons [29] [30] [31] . At the same time, out-of-plane acoustic mode (ZA) is not taken into account in our calculations. Although consideration of ZA mode may be important for fundamental understanding of the associated effects, it is of little practical interest for the superconductivity studies: interaction of 2D materials with a substrate would suppress out-of-plane vibrations making already small coupling of electrons with these modes negligible. Furthermore, a correct description of such effects is not trivial within the slab geometry. An accurate description of electrons coupling with out-of-plane phonon modes is presented in [57] for doped graphene, where it is also shown, that the contribution from ZA mode is negligible. Optical phonons, as we show below, have a minor effect on the electron-phonon coupling and T c . Therefore, the rigid band shift approximation is justified for the purpose of our study. The carrier concentration δρ is thus chosen in accordance with the ground state DOS and the Fermi energy, δρ(ε F ) = ε F 0 dε ρ(ε). We consider both n-and p-doping cases. We limit ourselves to the concentrations less than 1 × 10 15 cm −2 . Although such carrier concentrations correspond to a heavy doping regime, they are not unrealistic. Electron concentrations of the order of 1 × 10 15 cm −2 are achievable in thin metallic films by means of electrochemical techniques [58] . Smaller electron and hole concentrations of the order of 1 × 10 14 cm −2 can be achieved by liquid gating [59] and by solid-electrolyte gating [60] .
To simulate the effect of a perpendicular electric field, we consider a tight-binding Hamiltonian obtained in the MLWF basis, and add position-dependent bias voltage, yielding the following Hamiltonian
where the sum runs over the real-space MLWF orbitals i and j, c † i ,c i (c j ) are the creation and annihilation operators of electrons on the corresponding orbitals, z i is the z-component of the position operator of the orbital i, t ij is the corresponding hopping integral, d is the buckling constant, and V is bias voltage applied to the upper and lower planes of antimonene.
III. RESULTS AND DISCUSSION

A. Electronic structure and phonon dispersion
We find the calculated relaxed lattice parameter of free-standing antimonene to be 4.0Å with the buckling constant 1.6Å, which is consistent with previously reported data [61] . The corresponding electronic band structure is given in Fig. 1(a) , from which one can see that antimonene is an indirect gap semiconductor with the gap with of 0.7 eV. The obtained value is less than 1.0 eV and 1.2 eV obtained in Refs. 12 and 14, due to the differences in exchange-correlation functional, but agrees well with the value reported in Ref. 61 . The band structure and DOS [ Fig. 1(b) ] display high degree of electron-hole asymmetry even at small Fermi energies, unlike those of typical 2D materials including graphene and phosphorene. Horizontal lines on (a) and (b) mark the following carrier concentrations (from bottom to top):
The corresponding Fermi surface contours are given on subplots (c)-(f).
At negative Fermi energies (hole doping) the Fermi surface is initially formed by one valence band. As the Fermi energy reduces, second and third occupied bands get involved, forming three concentric pockets [see Fig. 1(c) ]. In the K-Γ direction of the electronic structure one can see a flat region in the valence band, which gives rise to a van Hove singularity (VHS) in DOS (ε = −1.3 eV in Fig. 1 ). The corresponding constantenergy contour is shown in Fig. 1(d) , which exhibits a hexagonal warping. This topology opens up a possibility for the scattering between the parallel regions of the surface, known as the Fermi surface nesting [62, 63] . In this case one can expect an increase of the electron-phonon coupling strength at the corresponding carrier concentrations (N h = 3.7 × 10 14 cm −2 ). Further reduction of the Fermi energy leads to a widening of the contours accompanied by the bending of the hexagons, suppressing the nesting effect. The topology of the Fermi surface at positive Fermi energies (electron doping) is determined entirely by a single conduction band, yet involving multiple valleys. At small energies the surface is formed by six closed droplet-shaped pockets, originating from the valleys centered along the Γ-M direction. Additional circle-shaped pockets appear as the Fermi energy reaches the valley at the K-point [ Fig. 1(e) ]. Further increase of the Fermi energy results in a VHS originating from the band bending around the M point. At even higher conduction band fillings there is a distinctive change in the Fermi surface topology. Namely, previously closed pockets become connected, and an additional valley emerges around Γ [circle region in Fig. 1(f) ]. Similar to the valence band, one can see a hexagonal warping around the K point, which gives rise to a VHS (ε = 1.2 eV in Fig. 1 ), corresponding to a heavy electron doping with N e = 1.0 × 10 15 cm −2 .
Calculated phonon spectra is given on Fig. 2 . While the impact of SOC on the electronic structure is notable, it is nearly nonexistent in the context of lattice dynamics: phonon spectra with SOC taken into account only slightly differ from that of without SOC. In comparison to other elemental 2D materials, antimonene has considerably small phonon frequencies, which results, for example, in low thermal conductivity, as seen in [64] . Elastic constants of antimonene, which can be estimated from the frequencies of long-wavelength phonons also have low values. Particularly, independent 2D elastic constants C 11 = 2.1 eV/Å 2 , associated with LA phonon mode, and C 66 = 0.8 eV/Å 2 , associated with TA phonon mode, while C 12 = C 11 − 2C 66 = 0.5 eV/Å 2 and Young modulus E = (C [65, 66] . Indeed, in contrast to light elements, heavy antimony atoms suppress vibrations, leading to smaller frequencies. Finally, it is interesting to make a note on the role of anharmonic effects in antimonene. The characteristic cutoff wavevector below which anharmonic corrections become dominant is given by q * = 3TRE 16π·κ 2 . At room temperature T R = 300 K it can be estimated as q
which is order of magnitude larger than for black phosphorus [67] and comparable with graphene [68] . In the context of superconductivity, however, these effects are not relevant. 
B. Superconductivity and electron-phonon coupling
Calculated values of T c at various carrier concentrations are presented in Fig. 3 . As can be seen, the concentrations resulting in the highest critical temperature for both holes and electrons correlate with VHS of the corresponding carrier DOS. The highest value T c = 17 K is achieved for the hole doping with N h =3.7 × 10 14 cm −2 . In the case of electron-doped antimonene, the highest value is comparable (T c ≈ 16 K) yet it is observed at significantly higher carrier concentration N e = 1 × 10 15 cm −2 . In all considered cases T c decreases by 2-3 K at the maximum chosen µ * c = 0.2. For the sake of comparison with experimental results, let us consider reference experimental concentrations reported recently. In the context of superconductivity of intercalated graphene laminates, chemical doping was utilized leading to T c in the range 6-6.4 K at N e ≈ 1 × 10 14 cm −2 [18, 20] . At this concentration antimonene demonstrates slightly lower T c right above the liquid helium temperatures (4.2 K). However, carrier concentrations achievable by the electrostatic doping [59, 60, 69] yield higher critical temperatures: 6.6-10.4 K at 2-5 × 10 14 cm −2 with a local maximum at 4.1 × 10 14 cm −2 . In case of the hole doping, T c vanishes rapidly with increasing µ * c at carrier concentrations below 2 × 10 14 cm −2 , mainly due to small DOS. In the vicinity of VHS T c increases rapidly: at 3 × 10 14 cm −2 we find T c = 15.4 K. This makes the case of hole doping practically interesting. Our estimation for T c in antimonene is comparable with that of phosphorene, according to the calculations reported in [19, 30] . At N e = 7 × 10 14 cm −2 both materials yield T c ≈ 10 K with phosphorene showing slightly higher values. At smaller concentrations antimonene shows better results: at 1-4 × 10 14 cm −2 electron-doped phosphorene is predicted to have T c in the range of 0.5-5 K, while antimonene exhibits T c = 10 K. Application of strain to phosphorene can change the situation: T c of phosphorene in this case can be tuned to exceed those of monolayer Sb in the aforementioned concentration range [19, 30] . Calculated values of T c for the other group V 2D material, namely arsenene, closely resemble those of antimonene, with a slight shift to lower concentrations [31] . Particularly, at concentrations ranging from 0.9 × 10 14 till 3.7 × 10 14 cm −2 n-doped arsenene shows T c in the range of 4.7-10.1 K, with the maximum value at 2.8 × 10 14 cm −2 , which is just 1 K higher, than for antimonene at the same concentration. As for phosphorene, a strain tuning of T c is proposed for arsenene, which can increase these values.
Let us analyze electron-phonon coupling in antimonene and its role in the superconducting properties in more details. Data on the averaged and doping-dependent electron-phonon coupling λ [Eq. (8) ] of antimonene is given in Fig. 4 (red triangles) . It is worth mentioning that electron-phonon coupling strength of doped-antimonene is in general higher than that for other elemental monolayer materials discussed above. At comparable carrier concentrations, λ in the range of 0.5-1.4 was obtained for phosphorene [30] , in the range of 0.76-1.27 for arsenene [31] , while λ = 0.6 was measured experimentally for Li-doped graphene at N e = 1 × 10 14 cm −2 [18] . Electron-phonon coupling strength of antimonene exceeds these values already at N e = 1 × 10 14 cm −2 . Despite significantly higher values of λ, this do not lead to a significant increase of T c in comparison with the other materials discussed. It can be explained by the difference in characteristic phonon frequencies for these systems (see Sec. III A), and particularly smaller values of ω log [Eq. (7)]. As a result, in the context of superconductivity this effect compensates higher λ. The maximum value λ = 5 is observed at N h = 3.7 × 10 14 cm −2 , indicating that hole-doped antimonene is a material with strong electron-phonon coupling. Electron-doped antimonene demonstrates considerably smaller λ, yet larger than in the other elemental 2D materials: at N e > 3 × 10 14 cm −2 one has λ > 1.3. We note that in the original work where Eq. (6) was derived [48] , as well as in later works [70] , it is pointed out that Eq. (6) underestimates T c for materials with strong electron-phonon coupling, characterized by λ > 1.3. Therefore, the critical temperatures reported here should be considered as a lower limit.
As can be seen from Fig. 4 , coupling with acoustic in-plane phonons (green squares) is the dominant contribution to λ. The coupling with optical phonons (blue circles) is small, but not negligible, at least in case of p-doping. We now consider λ p , contributions from individual phonon modes to the electron-phonon coupling at N h = 3.7 × 10 14 cm −2 , which are presented in Fig. 5 . The main contribution is provided by longitudinal acoustic mode with λ LA = 2.7, while coupling with TA mode gives λ TA = 1.8. As it was mentioned before, at N h = 3.7 × 10 14 cm −2 there is an indication of a strong Fermi surface nesting. To further investigate these phenomena, we calculate the nesting function ξ [Eq. (5)] shown in Fig. 5(a) . Indeed, ξ exhibits maxima in the Γ-K direction of q, corresponding to the momentum transfer between parallel sections of the Fermi surface [dotted line in Fig. 5(b) ]. As can be seen from Fig. 5(d) , this mechanism provides a dominant contribution to the coupling with TA phonons. At the same time, one can also see another set of peaks in ξ q along the Γ-M direction. These peaks correspond to the momentum transfer between non-parallel parts of the Fermi surface [dashed line in Fig. 5(b) ]. This mechanism turns out to be more important for the coupling with LA phonons, which is shown in Fig. 5(e Tabulated values of λ p for different carrier concentrations are given in Supplemental Material (SM), Tables S1 and S2. As one can see, λ LA remains the main contribution for other considered holes concentrations with the exception of N h ≤ 1 × 10 14 cm −2 , as well as λ ZO among optical phonon modes. For n-doping the situation is different. In this case the main contribution comes from the coupling with TA mode, while λ TO is the highest contribution in the coupling with optical phonons. Similar to p-doping, λ p of acoustic modes plays the major role. However, for N e < 2 × 10 14 cm −2 individual contributions of acoustic and optical phonons are of the same order. Distribution of the nesting function in q-space for N e = 1 × 10 15 cm −2 is more complex [ Fig. 5(b) ] than for the hole doping [ Fig. 5(a) ]. This is because electron scattering now involves considerable intraband transitions. Therefore, it is not possible to determine specific scattering directions in this case. Here, the dominant contribution to λ arises from small q (see SM, Fig. S1 ), contrary to a short-wavelength character of the electron-phonon coupling at N h = 3.7 × 10 14 cm −2 .
C. Effects of bias voltage
The electronic bands of pristine antimonene are doubly degenerate with respect to spin [12] , which is governed by the inversion symmetry. When an electric field is applied, the inversion symmetry is broken and the spin degeneracy is lifted, which gives rise to the band splitting. This can be clearly seen from Fig. 6 , where we show the effect of bias voltage on the electronic structure of antimonene. Apart from the SOC related splitting, the band gap is enhanced by the field, unlike, for example, to few-layer phosphorene [41] [42] [43] , where an opposite trend is observed. A small gap change of 0.1 eV is observed already at V b =1.0 V, while the highest considered bias voltage of 1.6 V results in a gap of around 30% larger than the original one. DOS changes accordingly, as one can see from Fig. 6(a) . Taking into account strong correlation of λ with DOS at the Fermi level, bias voltage is expected to have an effect on the superconducting critical temperatures. DOS at n-and p-doping behaves differently with the application of electric field. The most significant change of T c is expected for p-doping at the concentrations corresponding to VHS at V b = 0 V. Due to the strong band splitting in the Γ-K direction, the flat band at ε F ≈ −1.3 eV splits, resulting in two separate peaks in DOS. In contrast to the original VHS, the two resulting peaks have significantly smaller DOS, which becomes more clear at larger voltages. At the same time, DOS at lower carrier concentrations slowly increases with V b , which is mostly observed for p-doping. The splitting of the VHS in the conduction band (n-doping) is less prominent.
Let us now consider how T c depends on the carrier concentration in the presence of V b = 1.0 V. At this voltage one can clearly see qualitative changes of the carrier DOS [ Fig. 6(a) ], i.e. the splitting of a peak at ε F ≈ −1.3 eV. As can be seen from Fig. 7(b) , the change of T c for the electron doping is nearly negligible at concentrations N e < 3 × 10 14 cm −2 . At higher concentrations, T c increase of the order of 1.5 K is observed, with the exception of the highest considered concentration, which results in T c being 1. bias voltage allows to achieve higher values of T c at lower concentrations.
We now turn to the dependencies of maximal critical temperature T max c on the bias voltage [ Fig. 8(a) ] in the chosen carrier concentration range. As expected, the observed trends are different for different doping types. In the case of n-doping T max c does not change significantly with bias, ranging from 14.6 K to 16.4 K with the lowest value corresponding to V b = 0.4 V. Concentrations required to achieve T max c slowly decrease with bias voltage yet remaining high: N e = 9 × 10 14 cm −2 at V b = 1.6 V. As shown in Fig. 8(c) , strong electron phonon coupling is observed for all considered concentrations with λ in the range of 2-3. At low bias voltages λ decreases first till V b = 0.4 V, and then increases in the rest of the range. The opposite trend is observed for p-doping. In this case, T max c decreases monotonously with V b from 17 to 10 K. The required hole concentration, on the contrary, increases, but not exceeding 4.7 × 10 14 cm −2 , which is still significantly smaller than for electrons. In the presence of bias voltage, λ reduces significantly from 5 to 1.8 yet indicating a sufficiently strong electron-phonon coupling.
Carrier concentrations presented in Fig. 8(b) are high, and thus may be difficult to achieve in practice. At the same time, bias voltage could increase DOS, as well as λ and T c at moderate concentrations, i.e. below 4 × 10 14 cm −2 . In Figs. 8(d) -(e), we consider λ and T c at more realistic concentrations of N h = 2.5 × 10 14 cm
and N e = 3 × 10 14 cm −2 , which are typical values in the medium concentration range. In case of electron doping, both λ and T c increase monotonously with V b , yet for the highest bias voltage considered, T c increases by only ∼1 K. Hole doping yields ∼2 K enhancement of T c already at V b = 1.0 V, while λ reaches the value of 2.0. In contrast to the case of electrons, λ and T c exhibit a maximum at V b ≈ 1.2 V, after which one can see a gradual decrease of their values. This behavior can be attributed to a decreasing DOS, shown in Fig. 6 . Although in absolute values the effect of bias voltage is not large, it provides a possibility to increase T c and λ in antimonene by up to 20%. 
IV. SUMMARY AND CONCLUSION
We performed ab initio calculations of electron-phonon coupling for n-and p-doped antimonene using state-ofthe-art computational techniques. We estimated critical temperature of superconducting transition at various carrier concentrations in the wide range from 5 × 10 13 to 1 × 10 15 cm −2 using Allen-Dynes-McMillan equation. Dependence of the electron-phonon coupling strength from carrier concentration is essentially conditioned by the doping type, and is mainly determined by the Fermi surface topologies. We find that at hole concentrations below 2 × 10 14 cm −2 and electron concentration below 5 × 10 13 cm −2 superconductivity is not expected above 0.5 K. Higher carrier concentrations yield T c in a wide range, with the maximum values being 15 and 17 K for electron and hole doping, respectively. These value are comparable or exceed those reported for other doped elemental monolayer materials. At carrier concentration of 3.7 × 10 14 cm −2 , which corresponds to a van Hove singularity in the hole DOS, antimonene exhibits particularly strong electron-phonon coupling strength with λ = 5. This behavior can be attributed to the Fermi surface nesting, which is of interest on its own. For all studied carrier concentrations the main contribution to electron-phonon coupling arises from the interaction of carriers with in-plane acoustic phonons.
We also studied the effects of electric field applied in the direction perpendicular to the atomic sheet, on electron-phonon coupling and critical temperature of antimonene. In the bias voltage range of 0.0-1.6 V, the electronic structure of antimonene undergoes spin-orbitassisted bands splitting, as well as enhancement of the band gap width. The effect is particularly noticeable in the p-doping case: spin splitting diminishes the VHS effects, leading to a reduction of maximum T c by 7 K. At the same time critical temperature and electron-phonon coupling strength get slightly increased in the hole concentration range of 1-3 × 10 14 cm −2 . In contrast, electron doping case is less affected by the application of bias voltage, leading to a slight variation of the critical temperature and electron-phonon coupling over the whole concentration range. Overall, bias voltage allows to control electron-phonon coupling as well as related properties in heavy element 2D semiconductors, making them interesting objects for further studies.
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